Abstract: High performance thermoplastic poly(p-phenylene sulfide) (PPS) is commercially produced from sodium sulfide and p-dichlorobenzene:
Introduction
Poly(p-phenylene sulfide) or poly(1,4-thiophenylene) (abbreviated PPS) is an unsubstituted, highly aromatic polymer, but in contrast to, e.g., unsubstituted poly-(phenylene oxide) or poly(p-phenylene) it is melt processable. PPS compounds (filled with glass fibres or minerals) show outstanding thermal stability up to 250°C, high stiffness, and excellent chemical resistance against acids, bases, and organic solvents. They are therefore increasingly used in harsh environments, e.g., under the hood of automobiles, where they replace parts traditionally made from metal. In the high performance polymer market PPS makes up for the lion´s share of thermoplastic compounds with close to 50 000 annual tons globally and about 10% annual growth.
In industrial practice PPS is made by polymerization of sodium sulfide and dichlorobenzene (DCB). In order to compatibilize these monomers [1] -an inorganic salt and a hydrophobic chlorinated aromatic hydrocarbon -the polymerization is carried out in solution of N-methylpyrrolidone (NMP). Formally, this is a step growth polymerization reaction of the A-A + B-B type. Therefore high monomer conversion is needed, in order to achieve a high molecular weight polymer. In a typical state of the art process a reaction temperature up to 280°C and reaction time up to 12 h is needed to overcome the fact that the concentration of polymerizable end groups decreases with the square of the conversion. The engineering of a PPS polymerization process is further complicated by -the large amount of salt byproduct, 
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Step Polymerization -the exothermicity of the polymerization beyond 200 kJ/mol [2] , -the solubility of PPS in NMP only at T > 220°C, not very far below the ignition point of NMP.
Several researchers have found that the PPS polymerization kinetics have some peculiar features [3] [4] [5] [6] [7] . The reaction does not obey Carother´s equation for ideal A-A + B-B step growth polymerization:
where P n is the number-average degree of polymerization and X is monomer conversion. Fig. 1 displays a plot of P n versus X for idealized polymerization reactions. For PPS one observes the formation of higher molecular weight oligomers at low conversion. According to data given in ref. [4] , a value of P n > 10 is reached already at X < 0.2, while only at X > 0.8 a significantly increased P n > 30 is observed. Finally, P n increases steeply when conversion exceeds 90%. Optimum polymerization results are not obtained at exact stoichiometric balance, but rather at a slight excess of dichlorobenzene. The polymerization mechanism causing this behaviour has been subject to scientific discussion (see ref. [5] and refs. therein). Inter alia, radical ion based reaction sequences have been proposed to explain the PPS polymerization kinetics. The reaction kinetic model considered to be correct has been proposed by researchers at Phillips Petroleum company [5, 6] : The growth reaction of the PPS polymerization is a S n Ar reaction with a nucleophilic attack of an arylthiolate chain terminus on a chlorine chain terminus. In contrast to ideal step growth polymerizations the end group reactivities do depend on chain length. Reactivity increases with chain length according to the simplified Scheme 1.
Scheme 1:
In this model oligomers of P n = 2 -4, once formed in the bottlenecking monomer/ monomer reaction, do quickly react further to form higher oligomers. This happens despite the large excess of monomers at low conversion. Due to the slow monomer reactions, molecular weight even increases via interchain growth reactions in stoichiometric off-balance experiments, when excess monomer of one kind is present at high conversions. Therefore, step growth polymerizations with chain length dependent end group reactivity are less sensitive to exact stoichiometrical balance than ideal step growth polymerizations. But still some of the kinetic peculiarities of PPS remain unresolved:
One would expect steady molecular weight build-up also at intermediate conversions.
The plateau in the plot of P n versus conversion is surprisingly flat. It was reported that the model generates PPS with a polydispersity D = M n /M w > 20 [6] . Experimental values are in the range D = 2 -5.
To overcome this, the authors propose to include another reaction into the kinetic model scheme, namely the cleavage of growing polymer chains by sulfide monomer, cf. Scheme 2. This chain cleavage reaction is known for preparative purposes [8, 9] , but to our knowledge has not yet been accounted for in PPS polymerization kinetics (see 'Results' for the chain cleavage reaction rate k R ).
Scheme 2:
Results
Determination of k R (cleavage)
How does the PPS chain cleavage by sulfide monomer happen? Within the frame of the PPS polymerization model with S N Ar as chain growth reaction, the logical answer is a nucleophilic attack of monomeric sulfide on a polymeric phenyl-sulfur-phenyl bond. The net chain cleavage reaction rate is proportional to the concentration of sulfide and the number of phenyl-sulfur-phenyl bonds already formed. For a particular polymer chain, the cleavage reaction rate is proportional to its chain length P n (see Scheme 2).
Experimentally, k R (cleavage) was determined by observing the rate of sulfide consumption in its reaction with chloroterminated, low molecular weight PPS prepolymers [10] . These prepolymers were prepared in a preceding reaction of sodium sulfide with a considerable excess of DCB. The prepolymers are highly crystalline, easy to purify materials with very well defined average molecular weight and narrow molecular weight distribution. Hence, the initial concentration of sodium sulfide, the initial concentration of chloroterminated PPS prepolymer as well as its number average molecular weight are known, and the consumption rate of sodium sulfide in the reaction was observed. A fivefold stoichiometric excess of sodium sulfide over the analytically determined chlorine equivalent of the prepolymers was employed. Molecular weight build-up was thus excluded and chain cleavage was the predominant reaction in the kinetic experiments. Typically, more than 90% of the sulfide was consumed within several minutes to yield low molecular weight oligomers. From this, an approximate reaction rate for chain cleavage of k R = 5 · P n could be derived in the relative reaction rate system of Schemes 1 and 2.
Computer simulations
Computer simulations of PPS polymerization were run using the commercial PREDICI™ software package. The reaction kinetic scheme given in Tab. 2 of ref. [6] including the relative values of the reaction rate constants was entered as basic framework for the simulation runs. It was simplified by omitting the intramolecular cyclization reactions. The software package generates and solves the differential equations corresponding to the entered kinetic scheme according to a proprietary algorithm.
Parameter variations were introduced into the model in order to focus on their impact on polymer molecular weight and polydispersity. The impact of parameter variations on the model results was evaluated in terms of qualitative Y-X graphs of conversion vs. time, molar mass vs. time, and molar mass vs. conversion. The relative time scale of Scheme 1 was used throughout all data analysis. No attempt was undertaken to quantitatively interconnect this relative time scale to real time, because the model is lacking important features of the real PPS reaction (see discussion). Series of simulation runs comprised: -shifting selected rate constants beyond or below the values given in refs. [5, 6] , -varying the stoichiometry of the monomers from perfect equivalence to ± 20%, -batch monomer charge or various feed-batch addition strategies, -operation of a continuously stirred tank reactor.
Two sets of simulations were run: a first one without the chain cleavage reaction, and a second one with the chain cleavage reaction included. The following general trends were observed for simulation runs including chain cleavage as compared to runs without chain cleavage but otherwise identical parameters: -sodium sulfide is consumed much faster, -stationary values of M n and M w are reached considerably earlier, -M n after reaction completion remains unchanged, but M w decreases significantly, -D decreases to D ≈ 2.0 (compared to D > 20 reported in ref. [6] ).
In two typical runs designed to study the impact of chain cleavage on the formation of a chloroterminated prepolymer at 20% stoichiometric excess of DCB, the following results were obtained: Tab It is noteworthy that the very high value of D ≈ 20 reported in ref. [6] is not observed in the simulation run shown above even without chain cleavage. This is probably due to the fact that intentionally a stoichiometric imbalance between Na 2 S and DCB was chosen, in order to simulate the formation of chloroterminated prepolymers.
Discussion
The proposed chain cleavage reaction generates an additional fast consumption channel of sodium sulfide [11] . Conversion rate of DCB remains slow, making it the only bottleneck of the reaction. Under typical reaction conditions of slight DCB excess the concentration of sodium sulfide may approach zero at DCB conversion not far beyond 90%. As a trivial consequence, interchain growth reactions lead to further molecular weight build-up in the presence of unreacted DCB, but not in the presence of excess sodium sulfide.
Polydispersity is lowered to D ≈ 2 due to a decrease in M w . Since the reaction rate of chain cleavage is proportional to chain length, high molecular weight polymer chains are preferentially cleaved by sulfide. This is the reason for the plateau in the P n vs. conversion plot. A high final M w is desired in order to obtain PPS with sufficient melt viscosity. As a practical consequence, reaction control in a technical PPS process needs to avoid contact of sulfide monomer with dissolved polymer in the later stage of the polymerization (at > 95% conversion), because this will lead to a cleavage of long polymer chains already formed.
Note that the kinetic model discussed here does not provide a fully detailed and quantitative description of PPS polymerization. It is rather a semiquantitative approach to understand those features of the process that determine polymer molecular weight and its distribution. The discussion has implicitly been based on a step growth polymerization in homogeneous solution. This is definitely not correct, because the sodium chloride formed as a byproduct is insoluble in the solvent and precipitates during the reaction. A modeling of its precipitation kinetics comprising nucleation, growth, coprecipitation of other compounds, particle size and shape as well as crystal surface sites and their possible catalytic action is beyond the scope of this model. A large set of additional parameters would be needed that are difficult or even impossible to access. In addition, some PPS polymerization processes are carried out in a liquid/liquid-two phase system, which has not been addressed either.
One aspect of sodium chloride precipitation shall be discussed in more detail. In the early phase of the reaction, when the net reaction is fast, the formation rate and the supersaturation of sodium chloride are high. Upon its precipitation some sodium sulfide or sodium bisulfide coprecipitates, because it is poorly compatible with the reaction mixture rich in DCB. Later on this coprecipitated sulfide may diffuse out of the sodium chloride crystals again. It will then cleave already formed PPS polymer chains, as discussed above. Consequently, a novel PPS polymerization process concept developed by the authors [10, 12] aims at avoiding this re-introduction of sulfide into the reaction mixture at higher conversions. The technical measures to achieve this are:
1. A prepolymerization of the monomers up to a predetermined conversion. The reaction is controlled by semi-continuous monomer feed in order to safely manage the reaction runaway risk.
2. The separation of the byproduct NaCl at the limited conversion of step 1.
3. Further polymerization of the prepolymer in a salt free, homogeneous solution.
This process yields high molecular weight linear PPS at milder reaction conditions as compared to existing processes.
